Abstract: Grass carp hemorrhagic disease, caused by the grass carp reovirus (GCRV), is a major disease that hampers the development of grass carp aquaculture in China. The mechanism underlying GCRV infection is still largely unknown. Circular RNAs (circRNAs) are important regulators involved in various biological processes. In the present study, grass carp were infected with GCRV, and spleen samples were collected at 0 (control), 1, 3, 5, and 7 days post-infection (dpi). Samples were used to construct and sequence circRNA libraries, and a total of 5052 circRNAs were identified before and after GCRV infection, of which 41 exhibited differential expression compared with controls. Many parental genes of the differentially expressed circRNAs are involved in metal ion binding, protein ubiquitination, enzyme activity, and nucleotide binding. Moreover, 72 binding miRNAs were predicted from the differentially expressed circRNAs, of which eight targeted genes were predicted to be involved in immune responses, blood coagulation, hemostasis, and complement and coagulation cascades. Upregulation of these genes may lead to endothelial and blood cell damage and hemorrhagic symptoms. Our results indicate that an mRNA-miRNA-circRNA network may be present in grass carp infected with GCRV, providing new insight into the mechanism underlying grass carp reovirus infection.
Introduction
Circular RNAs (circRNAs) are a large class of novel non-coding RNAs with largely unknown functions [1] . Unlike mature messenger RNAs that are linear molecules with distinct 5 and 3 termini, the 5 and 3 termini of circRNAs are covalently linked and form a closed loop structure [2] . In general, circRNAs are formed by so-called "backsplicing", in which an upstream splice acceptor is joined to a downstream splice donor [3, 4] . In the past, circRNAs were largely considered by-products of mRNA processing linked to mis-splicing [5, 6] . However, a recent study found that circRNAs are abundant, widespread, and undergo tissue-specific expression, especially in animals [3, 7] . Moreover, some circRNAs are conserved in both sequence and expression patterns, implying a role in cellular functions [8, 9] . A number of studies have led to circRNAs being divided into four types: circular exonic RNAs (ecircRNAs), circular intronic RNAs (ciRNAs), exon-intron circRNAs (eiciRNAs), and intergenic circRNAs [2, 10, 11] .
The roles of circRNAs are receiving increasing attention, and they are known to regulate gene expression by acting as miRNA sponges [12, 13] . Moreover, circRNAs are associated with disease and may play an important role in pathogenesis and/or diagnosis [14] . For example, Tang et al. (2017) showed that CircRNA_000203 could enhance the expression of fibrosis-associated genes in cardiac fibroblasts [15] . Guo et al. (2016) revealed that circRNA hsa_circ_0000069 is upregulated and promotes cell proliferation, migration, and invasion in colorectal cancer [16] . Chen et al. (2016) suggested that circRNA circPVT1 could be used as a proliferative factor and prognostic marker in gastric cancer [17] . Moreover, other reports suggest a circRNA-miRNA-mRNA network may be present in some diseases [18, 19] . However, most of the aforementioned studies focused on humans and other mammals, and research on circRNAs in teleost fish is lacking.
The grass carp (Ctenopharyngodon idella), accounting for more than 18% of total freshwater aquaculture production, has been an important aquaculture species in China for over 60 years. The production of grass carp reached 5.5 million tons in 2014, making it the most highly consumed freshwater fish worldwide [20] . Unfortunately, frequent disease outbreaks occur in the grass carp cultivation industry and have caused great economic losses. Specifically, the grass carp reovirus (GCRV), which causes grass carp hemorrhage disease, has received special attention because of the high mortality rate associated with it [21] . Many researches on GCRV have been reported [22] [23] [24] [25] [26] [27] [28] , but not many effective drugs or vaccines have been developed until now. Moreover, the host-GCRV interaction is poorly understood, and the mechanism underlying GCRV infection is still unknown.
In this study, grass carp were infected with GCRV, and spleen samples were collected before (control) and after (1, 3, 5 , and 7 days) infection. Deep Illumina sequencing was performed to identify the circRNAs involved in host-GCRV interactions and the processing of GCRV infection. Moreover, circRNAs that were differentially expressed before and after GCRV infection were identified, and parental genes and putative binding miRNAs were predicted. The results provide new insight into the mechanism underlying GCRV infection.
Results

Preliminary Analysis of circRNA Sequencing
At different time points before (control, day 0) and after (1, 3, 5 , and 7 days) GCRV infection, spleen tissues from 15 grass carp were collected and used for circRNA sequencing. Three duplicate samples were processed for each time point, yielding a total of 15 libraries that were sequenced on an Illumina Hiseq 2500 platform to generate 150 bp pair-end reads. As shown in Table 1 , raw reads, clean reads, a clean base, Q20, Q30, and GC (guanine and cytosine) content for each library were determined. All libraries gave a clean base value ≥9 Gb, Q20 ≥ 94%, Q30 ≥ 86%, and an error rate ≤ 0.05. Therefore, these results proved to have enough depth of the sequencing data and suitability for further study. The sequencing data have been deposited in the Sequence Read Archive (SRA) at the National Center for Biotechnology Information (NCBI) under accession number SRP100592. For the remaining 75 fish, 61 of them died, resulting in a mortality rate of 81.3%. Moreover, the dead fish showed hemorrhagic symptoms, the typical characteristics of GCRV infection (data not shown). Therefore, these results confirmed the efficiency of GCRV infection. 
Identification of circRNAs before and after GCRV Infection
Clean reads from the 15 libraries were used to identify circRNAs using methods described previously [1] . After calculation and identification, 23,830 candidates were identified, but many were only expressed in one library and the read counts were low. To avoid false positives, other criteria were introduced: (1) only candidates detected in at least three libraries were included; (2) only when the sum of read counts in 15 libraries was greater than 10 were data included. After rigorous selection, 5052 circRNAs were obtained and designated cid_circ_0001 to cid_circ_5052 (Table S1) . No circRNAs have been reported in grass carp previously, hence all circRNAs identified were novel. Interestingly, some circRNA isoforms were generated from a single parental gene, suggesting that alternative circularisation may occur in grass carp. A size distribution analysis revealed that the length of circRNAs ranged from 150 to 59,886 bp, but most (~70%) were ≤2000 bp (Figure 1a ). Source statistics showed that 16.9%, 29.7%, 34.7%, and 18.7% of circRNAs were exonic, intronic, exon-intron, and intergenic, respectively (Figure 1b) . The sequences and junction sequences of all circRNAs are listed in Table S2 . 
Clean reads from the 15 libraries were used to identify circRNAs using methods described previously [1] . After calculation and identification, 23,830 candidates were identified, but many were only expressed in one library and the read counts were low. To avoid false positives, other criteria were introduced: (1) only candidates detected in at least three libraries were included; (2) only when the sum of read counts in 15 libraries was greater than 10 were data included. After rigorous selection, 5052 circRNAs were obtained and designated cid_circ_0001 to cid_circ_5052 (Table S1 ). No circRNAs have been reported in grass carp previously, hence all circRNAs identified were novel. Interestingly, some circRNA isoforms were generated from a single parental gene, suggesting that alternative circularisation may occur in grass carp. A size distribution analysis revealed that the length of circRNAs ranged from 150 to 59,886 bp, but most (~70%) were ≤2000 bp ( Figure 1a ). Source statistics showed that 16.9%, 29.7%, 34.7%, and 18.7% of circRNAs were exonic, intronic, exon-intron, and intergenic, respectively (Figure 1b) . The sequences and junction sequences of all circRNAs are listed in Table S2 .
We next investigated possible correlations among the five samples. The plotMDS function of the Edge R package was used to produce a plot in which distances between samples corresponded to the leading biological coefficient of variation (BCV) between samples [29] . Control samples were clearly distinct from samples infected with GCRV ( Figure 2 ). Moreover, correlation values increased with increasing time post-infection; the samples from 5 and 7 days post infection (dpi) were not clustered with the samples from 1 and 3 dpi. These results suggested that the efficiency of GCRV infection varied between samples and with time post-infection. We next investigated possible correlations among the five samples. The plotMDS function of the Edge R package was used to produce a plot in which distances between samples corresponded to the leading biological coefficient of variation (BCV) between samples [29] . Control samples were clearly distinct from samples infected with GCRV ( Figure 2 ). Moreover, correlation values increased with increasing time post-infection; the samples from 5 and 7 days post infection (dpi) were not clustered with the samples from 1 and 3 dpi. These results suggested that the efficiency of GCRV infection varied between samples and with time post-infection. In the plot, dim 1 shows differences between control and infected samples, whereas dim 2 shows differences among infected samples. X axis indicated the coefficient of variation between control sample and infected samples, whereas Y axis represented the coefficient of variation within the infected samples.
Differentially Expressed circRNAs Following GCRV Infection
To identify circRNAs potentially involved in GCRV infection, expression profiles of circRNAs were examined at 0, 1, 3, 5, and 7 dpi. Uninfected samples were used as controls. As shown in Table  2 , 11, 20, 18, and 17 differentially expressed circRNAs were observed at 1, 3, 5, and 7 dpi, respectively (Table S3 ). The total number of differentially expressed circRNAs at the four time points was 41. A heat map showing the expression patterns of the 41 differentially expressed circRNAs is shown in Figure 3 , and a Venn diagram (Figure 4 ) revealed that four circRNAs were differentially expressed at all four time points. In the plot, dim 1 shows differences between control and infected samples, whereas dim 2 shows differences among infected samples. X axis indicated the coefficient of variation between control sample and infected samples, whereas Y axis represented the coefficient of variation within the infected samples.
To identify circRNAs potentially involved in GCRV infection, expression profiles of circRNAs were examined at 0, 1, 3, 5, and 7 dpi. Uninfected samples were used as controls. As shown in Table 2 , 11, 20, 18, and 17 differentially expressed circRNAs were observed at 1, 3, 5, and 7 dpi, respectively (Table S3 ). The total number of differentially expressed circRNAs at the four time points was 41. A heat map showing the expression patterns of the 41 differentially expressed circRNAs is shown in Figure 3 , and a Venn diagram (Figure 4 ) revealed that four circRNAs were differentially expressed at all four time points. To identify circRNAs potentially involved in GCRV infection, expression profiles of circRNAs were examined at 0, 1, 3, 5, and 7 dpi. Uninfected samples were used as controls. As shown in Table  2 , 11, 20, 18, and 17 differentially expressed circRNAs were observed at 1, 3, 5, and 7 dpi, respectively (Table S3 ). The total number of differentially expressed circRNAs at the four time points was 41. A heat map showing the expression patterns of the 41 differentially expressed circRNAs is shown in Figure 3 , and a Venn diagram (Figure 4 ) revealed that four circRNAs were differentially expressed at all four time points. 
Characterisation of Parental Genes of Differentially Expressed circRNAs
Although circRNAs are synthesised via backsplicing and differ from traditional linear mRNA, both are generated from mRNA precursors (pre-mRNA). Thus, characterising the function of linear mRNAs could enhance our understanding of the features of circRNAs. Of the 41 identified differentially expressed circRNAs, 11 were circular intronic RNAs with no parental gene. The remaining 30 were circular exonic RNAs and exon-intron circRNAs originating from 30 parental genes, many involved in metal ion binding, protein ubiquitination, enzyme activity, and nucleotide binding (Table 3 ). To further investigate the possible roles of parental genes, those involved in metal ion binding and protein ubiquitination were selected for qPCR analysis to investigate their expression patterns following GCRV infection. The primer sequences are listed in Table S4 . As shown in Figure 5 , of the genes participating in metal ion binding (MIB1, KAT6B, ITGA8, HBAC, KCNC1, and F13A), most were downregulated during the later stages of GCRV infection, whereas genes involved in protein ubiquitination (HERC1 and HERC4) were upregulated during the later stages of infection. 
ASPP1 Apoptosis-stimulating of p53 protein 1 other Figure 5 . Expression patterns of eight selected parental genes. Eight parental genes were selected for qPCR to validate the expression level at the five time points. The relative expression level of parental genes at different time points were calculated as the ratio of the gene expression level relative to that at 0 dpi (controls). All data are represented as means ± standard deviation of three replicates. Significant differences (p < 0.05) between infected and control samples (0 days post-infection) are indicated with an asterisk (*).
Figure 5.
Expression patterns of eight selected parental genes. Eight parental genes were selected for qPCR to validate the expression level at the five time points. The relative expression level of parental genes at different time points were calculated as the ratio of the gene expression level relative to that at 0 dpi (controls). All data are represented as means ± standard deviation of three replicates. Significant differences (p < 0.05) between infected and control samples (0 days post-infection) are indicated with an asterisk (*). 
Prediction of Binding miRNAs of Differentially Expressed circRNAs
Previous studies have suggested that circRNAs could act as miRNA sponges that regulate the expression of corresponding genes at the post-transcriptional level [13, 30] . To further investigate the possible role of circRNAs, binding miRNAs of the 41 differentially expressed circRNAs were predicted using MiRanda software. A total of 1208 grass carp miRNAs were used as a library for target prediction [31] , which yielded 72 binding miRNAs from the 41 differentially expressed circRNAs ( Figure 6 ). Some circRNAs could bind to several miRNAs, such as cid_circ_2040, which bound to 30 miRNAs. Moreover, some miRNAs could also be bound by several circRNAs. For example, miR-152-3p was bound by three circRNAs. Of the 1208 grass carp miRNAs, 278 corresponded to known miRNAs, and 930 were novel miRNAs. Interestingly, of the 72 binding miRNAs predicted by MiRanda, all were known miRNAs, including miR-7-5p, miR-9, miR-24, miR-34c-5p, and miR-200-3p. In addition, eight binding miRNAs were identified as differentially expressed in our previous study (miR-144-5p, miR-457a, miR-3591, miR-725-3p, miR-216a, miR-34b-5p, miR-196b, and miR-34c-5p) [31] . 
Confirmation of circRNAs by PCR and RT-qPCR
PCR was carried out to confirm the reliability of the circRNAs obtained using Illumina sequencing. Divergent and convergent primers were designed for each selected circRNA (Table S5) . As shown in Figure 7 , all 15 selected circRNAs were verified. Specifically, circRNA forms were only amplified by divergent primers in cDNA samples, but not in genomic DNA samples (Figure 7a ). 
PCR was carried out to confirm the reliability of the circRNAs obtained using Illumina sequencing. Divergent and convergent primers were designed for each selected circRNA (Table S5) . As shown in Figure 7 , all 15 selected circRNAs were verified. Specifically, circRNA forms were only amplified by divergent primers in cDNA samples, but not in genomic DNA samples (Figure 7a) . Moreover, Sanger sequencing further confirmed the circRNA sequences to be correct (Figure 7b) . Meanwhile, the convergent primers could amplify the expected bands in both cDNA and genomic DNA samples (Figure 7c) . To further confirm the expression level of circRNAs, the aforementioned eight circRNAs (cid_circ_0069, cid_circ_4537, cid_circ_3204, cid_circ_4726, cid_circ_0043, cid_circ_2061, cid_circ_2960, and cid_circ_3277) were selected for RT-qPCR using divergent primers. Their relative expression level at different dpi time points was calculated as the amount of expression relative to that measured at 0 dpi. As shown in Figure 8 , for most of the examined circRNAs, the expression pattern identified using qPCR was similar to that obtained using an RNA-sequencing (RNA-seq) analysis, although the relative expression level was not always completely consistent. Nevertheless, the results of the qPCR analysis confirmed the reliability and accuracy of the circRNA sequencing data. Moreover, Sanger sequencing further confirmed the circRNA sequences to be correct (Figure 7b) . Meanwhile, the convergent primers could amplify the expected bands in both cDNA and genomic DNA samples (Figure 7c ). To further confirm the expression level of circRNAs, the aforementioned eight circRNAs (cid_circ_0069, cid_circ_4537, cid_circ_3204, cid_circ_4726, cid_circ_0043, cid_circ_2061, cid_circ_2960, and cid_circ_3277) were selected for RT-qPCR using divergent primers. Their relative expression level at different dpi time points was calculated as the amount of expression relative to that measured at 0 dpi. As shown in Figure 8 , for most of the examined circRNAs, the expression pattern identified using qPCR was similar to that obtained using an RNA-sequencing (RNA-seq) analysis, although the relative expression level was not always completely consistent. Nevertheless, the results of the qPCR analysis confirmed the reliability and accuracy of the circRNA sequencing data. (a) Amplification of circRNAs using divergent primers with cDNA and genomic DNA (gDNA) templates. circRNA forms were only amplified from cDNA samples. M: DNA molecular markers. The sizes of the three bands are 500, 250, and 100 bp (from top to bottom); (b) Sanger sequencing confirmation of the head-to-tail backsplicing of circRNA cid_circ_2960. The highlighted (green and blue) nucleotides indicated the junction sequences of circRNA cid_circ_2960; (c) Amplification of circRNAs using convergent primers with cDNA and genomic gDNA templates. Convergent primers could amplify the expected bands from both cDNA and genomic DNA samples. M: DNA molecular markers. The sizes of the five bands are 1000, 750, 500, 250, and 100 bp (from top to bottom). Numbers 1-15 refer to cid_circ_0069, cid_circ_0547, cid_circ_1653, cid_circ_3555, cid_circ_4537, cid_circ_3204, cid_circ_1816, cid_circ_2796, cid_circ_3277, cid_circ_4726, cid_circ_0443, cid_circ_1569, cid_circ_2061, cid_circ_2287, and cid_circ_2960. (a) Amplification of circRNAs using divergent primers with cDNA and genomic DNA (gDNA) templates. circRNA forms were only amplified from cDNA samples. M: DNA molecular markers. The sizes of the three bands are 500, 250, and 100 bp (from top to bottom); (b) Sanger sequencing confirmation of the head-to-tail backsplicing of circRNA cid_circ_2960. The highlighted (green and blue) nucleotides indicated the junction sequences of circRNA cid_circ_2960; (c) Amplification of circRNAs using convergent primers with cDNA and genomic gDNA templates. Convergent primers could amplify the expected bands from both cDNA and genomic DNA samples. M: DNA molecular markers. The sizes of the five bands are 1000, 750, 500, 250, and 100 bp (from top to bottom). Numbers 1-15 refer to cid_circ_0069, cid_circ_0547, cid_circ_1653, cid_circ_3555, cid_circ_4537, cid_circ_3204, cid_circ_1816, cid_circ_2796, cid_circ_3277, cid_circ_4726, cid_circ_0443, cid_circ_1569, cid_circ_2061, cid_circ_2287, and cid_circ_2960. The relative expression level of circRNAs at different time points were calculated as the ratio of the gene expression level (qPCR) or normalized transcripts per million (TPM) (RNA-seq) relative to that at 0 dpi (controls). The RT-qPCR data are given as means ± standard deviation of three replicates.
Discussion
In this study, Deep Illumina sequencing and bioinformatics analyses were used to investigate circRNAs in grass carp in response to GCRV infection. Under strict selection, 5052 circRNAs were identified at five time points before and after GCRV infection. Since circRNAs have not been previously reported in grass carp, all circRNAs identified in this study are novel. Interestingly, the number of circRNAs identified was greater than in other species, such as large yellow croaker [32] , zebrafish [9] , rice [33] , and archaea [34] . In our opinion, the large number of circRNAs identified in this study may be due to the deep sequencing of the libraries. Each of the 15 libraries yielded ≥9 Gb of clean data that was sufficiently abundant for further study. It should be noted that many circRNAs were only expressed in some libraries, even though three biological duplicates were Figure 8 . Verification of circRNA expression level by RT-qPCR. Eight circRNAs were randomly selected for RT-qPCR analysis and compared with data obtained using RNA-sequencing (RNA-seq). The relative expression level of circRNAs at different time points were calculated as the ratio of the gene expression level (qPCR) or normalized transcripts per million (TPM) (RNA-seq) relative to that at 0 dpi (controls). The RT-qPCR data are given as means ± standard deviation of three replicates.
In this study, Deep Illumina sequencing and bioinformatics analyses were used to investigate circRNAs in grass carp in response to GCRV infection. Under strict selection, 5052 circRNAs were identified at five time points before and after GCRV infection. Since circRNAs have not been previously reported in grass carp, all circRNAs identified in this study are novel. Interestingly, the number of circRNAs identified was greater than in other species, such as large yellow croaker [32] , zebrafish [9] , rice [33] , and archaea [34] . In our opinion, the large number of circRNAs identified in this study may be due to the deep sequencing of the libraries. Each of the 15 libraries yielded ≥9 Gb of clean data that was sufficiently abundant for further study. It should be noted that many circRNAs were only expressed in some libraries, even though three biological duplicates were performed. This may be an inherent feature of circRNAs, which show temporal and tissue-specific expression pattern differences in many species [3] . Another reason is that the circRNAs with head-to-tail junction reads were randomly sequenced [33] . Thus, the actual number of circRNAs in grass carp may be even more than that reported in the present study.
Although there was no evidence for a relationship between circRNAs and linear forms, understanding the parental genes could help to illuminate the role of circRNAs. Interestingly, many parental genes of the differentially expressed circRNAs are involved in metal ion binding, nucleotide binding, protein ubiquitination, and enzyme activity. qPCR revealed that genes involved in metal ion binding were downregulated following GCRV infection. A previous study suggested that metal ions are important in the immune system's defence against pathogen invasion [35, 36] . Thus, the downregulation of these genes suggests that metal ion homeostasis was disrupted and the immune system was unbalanced. HERC1 and HERC4 are probable E3 ubiquitin-protein ligases involved in ubiquitin-mediated protein degradation [37] , and upregulation of these genes during the later stages of infection suggested that protein degradation occurred. However, the relationships between parental genes and their circRNA forms remain tentative and require further investigation.
Increasing evidence suggests that circRNAs act as microRNA sponges that regulate gene expression [30] . To further understand the roles of the circRNAs identified in this study, binding miRNAs among the 41 differentially expressed circRNAs were predicted using MiRanda software, and 72 binding miRNAs were predicted, of which eight were identified as differentially expressed in our previous study [31] . For the eight binding miRNAs, six of them (miR-144-5p, miR-457a, miR-3591, miR-725-3p, miR-196b, and miR-34c-5p) were constantly downregulated during the time points after GCRV infection [31] . Regarding the target genes of the six binding miRNAs, many of them are involved in immune responses, blood coagulation, hemostasis, and complement and coagulation cascades, such as complement component 3 (C3), apolipo A-IV-like (APOA4), inter-α-trypsin inhibitor heavy chain H6-like (ITIH6), signaling lymphocytic activation molecule (SLAM) family member 5 (CD84), and C-X-C chemokine receptor type 4 (CXCR-4) [31] . MiRNAs can interact with specific mRNA targets, resulting in RNA degradation or translational repression [38, 39] . Therefore, the six miRNAs that were downregulated may suggest that their target genes upregulated after GCRV infection. Interestingly, we also revealed the overactivity of the complement cascade and immune inflammatory response in grass carp after GCRV infection in our previous study, which is the reason for hemorrhagic symptoms in infected grass carp leading to death [40] . These results therefore suggest that an mRNA-miRNA-circRNA network is present in grass carp following GCRV infection, providing new insight into the mechanisms underlying GCRV.
It should be mentioned that the control group (0 dpi) that was collected before GCRV infection without injecting buffer (without virus) was used for the normalization of transcriptome data with samples that were from the buffer-injected and infected group (1, 3, 5, and 7 dpi). Thus, the transcriptional changes that were found in the infected fish may be due to the intraperitoneal injection effect and not the virus effect. However, the results of circRNAs in the present study are consistent with the results of miRNAs and mRNAs in our previous study. For example, 72 binding miRNAs were predicted for these 41 differentially expressed circRNAs. Eight of them were identified as differentially expressed, and six of them were constantly downregulated after GCRV infection [31] . Many target genes of the differentially expressed miRNAs are involved in immune responses, blood coagulation, hemostasis, and complement and coagulation cascades, which were upregulated after GCRV infection [31] . The overactivity of these genes is the reason for hemorrhagic symptoms in infected grass carp resulting in death [40] . Therefore, the consistency of circRNAs, miRNAs, and mRNAs suggested that the transcriptional changes in the present study were not due to an intraperitoneal injection effect but a virus effect.
In conclusion, 5052 novel circRNAs were identified in grass carp in response to GCRV infection, of which 41 were differentially expressed. Many parental genes of the differentially expressed circRNAs are involved in metal ion binding, protein ubiquitination, nucleotide binding, and enzyme activity. A total of 72 binding miRNAs were predicted for the differentially expressed circRNAs, of which eight were identified as differentially expressed in our previous study, and their target genes are involved in immune responses, blood coagulation, hemostasis, and complement and coagulation cascades. These results provided novel insight into the mechanisms underlying GCRV infection.
Materials and Methods
Ethics Approval and Consent to Participate
Animal welfare and experimental procedures were carried out according to the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006), and the protocol was approved by the committee of the Institute of Hydrobiology, Chinese Academy of Sciences (CAS). The reference number obtained was Y11201-1-301 (Approval date: 30 May, 2016). All surgery was performed under eugenol anaesthesia (Sigma, St. Louis, MO, USA), and all efforts were made to minimise suffering. The eugenol was diluted into water at a concentration of 100 mg/L.
Experimental Fish
Healthy full-sib grass carp without GCRV infection were used at 3 months of age (weight, 3-5 g; average length, 8-10 cm). The fish were randomly selected for GCRV detection by PCR and the results showed that no fish were infected (data not shown). The fish were obtained from the Guan Qiao Experimental Station, Institute of Hydrobiology, Chinese Academy of Sciences, and acclimatized in a circulating water system at 26-28 • C for 1 week before processing. The dissolved oxygen in the water was maintained at 5-10 mg/L, and the photoperiod was 12 h a day. The fish were fed with a commercial diet twice a day (The feed dose of the diet was 1% of the total fish weight every time). The fish were monitored every day, and after no abnormal symptoms (such as lethargy, languishment, and swimming slowly) were observed for 1 week, fish were selected for further experiments.
Virus Challenge and Sample Collection
Dead grass carp with typical hemorrhagic disease symptoms were collected from the field and homogenized together with an equal volume of phosphate buffered solution (PBS). The mixture was centrifuged and then the supernatant was filtered through a 0.22 µm millex filter (Millipore, Billerica, MA, USA). The titer of virus in the supernatant was determined by qRT-PCR (2.97 × 10 3 copy/µL). The viral suspension was used for further study.
A total of 150 grass carp were used for the virus challenge experiment. These fish were divided into three groups and equally distributed in three tanks (n = 50 for each group). Before GCRV infection, 15 fish from the three groups were collected and their spleens were sampled as the uninfected control group (three biological duplicates, n = 5 from each group represented a biological duplicate). The remaining fish were infected with 200 µL of GCRV by intraperitoneal injection. At 1, 3, 5, and 7 dpi, 15 fish from the three groups were collected, and their spleens were removed for analysis (three biological duplicates, n = 5 from each group represented a biological duplicate). The samples were designated C, T1, T3, T5, and T7 (three biological duplicates for each sample). After sample collection, the remaining fish (75 fish) were used for a mortality calculation in order to investigate the efficiency of GCRV infection.
RNA Isolation, Library Construction, and Sequencing
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate RNA from these samples according to the manufacturer's protocol. The isolated RNA was further treated by RNase-Free DNase (Promega, Madison, WI, USA) in order to remove possible genomic DNA. RNA concentration and integrity was measured using the Qubit RNA assay kit (Life Technologies, Carlsbad, CA, USA) and the RNA Nano 6000 assay kit (Agilent Technologies, Santa Clara, CA, USA), respectively. High quality RNA was used for further library construction. RNA (5 µg per sample) was used as input material for RNA sample preparation following the removal of ribosomal RNA using an Epicentre Ribo-zero rRNA Removal Kit (Epicentre, Madison, WI, USA) to obtain rRNA-depleted RNAs. rRNA-depleted RNAs were further treated with RNase R (Epicentre) and subjected to TRIzol extraction. Subsequently, the rRNA-depleted and RNase R-digested RNAs were subjected to sequencing libraries construction by using an NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) following the manufacturer's protocol. Briefly, the divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer were used to fragment the RNA. Random hexamer primer and M-MuLV reverse transcriptase (RNaseH) were used to synthesize the first strand cDNAs. Subsequently, DNA polymerase I and RNase H were prepared to synthesize second strand cDNA. dTTP was replaced by dUTP in the reaction buffer that contained dNTPs. The remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. NEBNext Adaptors with a hairpin loop structure were ligated in preparation for hybridisation after adenylation of the 3 ends of DNA fragments. Library fragments were purified with an AMPure XP system (Beckman Coulter, Brea, CA, USA) in order to preferentially select cDNA fragments of 150-200 bp in length. In addition, 3 µL of USER Enzyme (NEB, USA) was added with size-selected, adaptor-ligated cDNAs at 37 • C for 15 min followed by 5 min at 95 • C before PCR. Phusion High-Fidelity DNA polymerase, Universal PCR primer, and Index (X) Primer were used to perform the PCR reaction. Finally, the library was purified and qualified by an AMPure XP system and an Agilent Bioanalyzer 2100 system, respectively. Libraries were sequenced on an Illumina Hiseq 2500 platform, and 150 bp paired-end reads were generated. Library construction and sequencing was carried out by Novogene (Novogene, Beijing, China).
Data Analysis
Raw data reads in fastq format were initially processed using in-house perl scripts. In this step, after removing adapters, poly-N sequences, and poor quality data, clean data (clean reads) were obtained. The Q20, Q30, and GC content of the clean data were recorded. All downstream analyses was performed using clean high-quality data.
TopHat2 software [41] was used to map the clean data to the grass carp reference genome [42] . Unmapped reads were kept, and 20-mers from 5 and 3 ends were extracted and aligned independently to reference sequences by Bowtie v2.0.6 [43] . Anchor sequences were extended by find_circ1 such that they were completely read-aligned, and the breakpoints were flanked by GU/AG splice sites. Backspliced reads with at least two supporting reads were then annotated as circRNAs. The expression level of circRNAs were normalized as transcripts per million (TPM) using the following formula: normalized expression = (mapped reads)/(total reads) × 1,000,000 [44] .
Differential Expression Analysis and Binding miRNA Prediction
Differential expression in two conditions/groups was performed using DESeq2 (version 1.6.3) [45] , and p-values were adjusted by the Benjamini and Hochberg method. By default, the threshold of corrected p-values for differential expression was set to 0.05. MiRanda software was used for binding miRNA prediction of the differentially expressed circRNAs [46] , with a threshold of energy score ∆G ≤ −16 kcal/mol and paring score S ≥ 160. Here, ∆G is the free energy of duplex formation that is calculated by a Vienna package from a completely dissociated state, and S is the sum of single-residue-pair match scores over the alignment trace.
PCR Amplification and Sanger Sequencing
To confirm the reliability of the data obtained using Illumina sequencing, 15 circRNAs were randomly selected for PCR confirmation. Two sets of primers (divergent and convergent) were designed by Primer Premier 5 software for each selected circRNA (Table S5 ). In general, the divergent primers were designed near both side sequences of circRNA junctions, and the products' length ranged from 80 to 150 bp, whereas the convergent primers were the traditional primers for RT-qPCR.
The divergent primers were expected to amplify only circRNAs, while the convergent primers could amplify both circRNAs and linear forms. Total RNA was extracted, digested using RNase-Free DNase (Promega) and RNase R (Epicentre), and then purified. A total of 2 µg purified RNA was used to prepare first-strand cDNA by using a random hexamer primer and the ReverTra Ace Kit (Toyobo, Osaka, Japan). Grass carp cDNAs or genomic DNA (20 ng) were used as template for PCR amplification with KOD-Plus-Neo DNA polymerase (Toyobo), and more than 35 cycles were performed. To confirm the PCR results, PCR products of the expected length were subjected to Sanger sequencing by Tsingke Company (Tsingke, Beijing, China).
Validation of circRNA and Parental Gene Expression Level by RT-qPCR
To validate the expression patterns, eight representative parental genes were selected for qPCR using the primers listed in Table S4 . cDNAs were obtained as described above, and RT-qPCR was carried out by using fluorescence quantitative PCR instrument (Bio-Rad, Hercules, CA, USA). Each RT-qPCR mixture contained 8.2 µL of ddH 2 O, 10 µL of 2× SYBR Green master mix (Toyobo), 1 µL of template, and 0.4 µL of forward and reverse primer (for each). The β-actin gene was used as an internal control for the normalization of gene expression. For each sample, three replicates were included. The program for RT-qPCR was as follows: 95 • C for 10 s, followed by 40 cycles of 95 • C for 15 s, 55 • C for 15 s, and 72 • C for 30 s. Relative expression level was calculated using the 2 −∆∆Ct method [47] . Data are shown as means ± standard deviation of three replicates.
To further confirm the expression level of circRNAs, eight circRNAs were randomly selected from the 15 circRNAs verified in the above RT-qPCR experiments. DNase I-and RNase R-treated RNA was reverse transcribed into cDNA, and RT-qPCR was performed using a fluorescence quantitative PCR instrument (Bio-Rad, Osaka, Japan). Reaction mixtures and the program for RT-qPCR was the same as above, the β-actin gene was again used as an internal control for the normalization of gene expression, and the data are expressed as means ± standard deviation of three replicates. 
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